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Outline

Clusters as probes of jet physics

Jets in dynamic clusters

Multiple bubbles vs. intermittency

Isotropy and AGN “spheres of influence”

Kinematic signatures of jet activity

The fate of “fossil” radio plasma
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The (no-)cooling problem

Gas stops cooling at 1/3 Virial temperature ~ 1.5 keV

⇒ Something must counter-act the cooling

Burns (90): 

All cool cores have radio loud AGN in their center

Abell 1795, Peterson et al. 2003
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Chandra’s cluster legacy

Cavities

Sound waves

Shocks

Perseus (Fabian et al. 2008)
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Radio source evolution
Supersonic

Transonic

Buoyant (detached)
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Cavities

Perseus (Fabian et al. 2008)
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Shocks

M87, Forman et al. 2007
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Sound waves

Perseus (Fabian et al. 2003)
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Perseus

B. Cellini (1554) 10
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Perseus A, Perseus cluster (Fabian et al. 2000)

Energetics
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Perseus A, Perseus cluster (Fabian et al. 2000) E ≈ 4pV

vexp ≈ vbouy

tage ≈ R/vbuoy

〈Wjet〉 ≈ E/tage

Energetics
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Bubble statistics
Jet power vs. cluster cooling rate

Rafferty et al. 2006
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Jet power vs. core flux

Global efficiency
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Jet power vs. core flux

Global efficiency
Kinetic luminosity function
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Global efficiency
Kinetic luminosity function
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Bubble statistics
Jet power vs. Bondi accretion rate: few% conversion?

Allen et al. 2006
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“Radio mode” feedback?

Croton et al. 2006, Schawinski et al. 2009
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“Radio mode” feedback?

16

McNamara & Nulsen 2007
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Ruszkowski

Mass?

Spin?
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Figure 2. Ratio of jet power, Pjet, to Bondi accretion power, PBondi = 0.1 ṀBc2,
for 28 objects against their black hole mass taken from Rafferty et al. (2006).

AGN outbursts. Rafferty et al. (2006), using the data presented
here, and Hardcastle et al. (2007), using powerful radio galaxies,
reached similar conclusions.

Falling gas temperatures and rising gas densities near the
(unresolved) Bondi radii, in addition to the possibility that the
black hole masses may be larger than their bulge luminosities
imply, would increase the number of objects lying within the
shaded region in Figure 2 (see Rafferty et al. 2006 for a thorough
discussion). However, this effect will be offset to a degree by
the overly optimistic assumption that η = 1. Mass lost to
winds blowing from the accretion disk and the need to shed
angular momentum from the accreting gas (e.g., Neilsen & Lee
2009; Proga 2009; Pizzolato & Soker 2010) are expected to
drive η well below unity (Allen et al. 2006; Merloni & Heinz
2008; Benson & Babul 2009; Li & Cao 2010). For example,
Allen et al. (2006) and Merloni & Heinz (2008) found that
only a few percent of the matter reaching the Bondi radius is
actually converted into jet power, which is consistent with η < 1.
Accretion at this level would be able to power low-luminosity
AGNs found in elliptical galaxies (Allen et al. 2006). However,
it strengthens our conclusion that Bondi accretion from the hot
atmosphere alone probably cannot fuel the most powerful AGNs
in clusters.

5. COLD ACCRETION

In Figure 3 we plot total molecular gas mass against jet
power for the objects with gas mass measurements available in
the literature. The molecular gas masses generally lie between
109 M! and 1011 M!. Only M87’s upper limit of less than
8 × 106M! (Tan et al. 2008) lies substantially below this
range. Gas masses were corrected to our adopted cosmology
when necessary; details of the gas mass analysis can be found
in the references given in the caption to Figure 3. The gas
masses needed to fuel the AGNs, Macc ∼ Ecav/0.1c2 =
106 M!–109 M!, lie well within the observed range seen in

Figure 3. Molecular gas masses from Edge (2001), Salome & Combes (2003,
2004), Salome & Combes (2008), and Tan et al. (2008) vs. jet power. Upper
limits are 3σ values.

Figure 3. Nevertheless, if these AGNs are powered primarily
by accretion of molecular gas, a correlation between the gas
supply and jet power would be expected. Spin models requiring
high accretion rates would also predict a correlation. Yet no
correlation is seen between molecular gas mass and jet power
within the range of jet power shown in Figure 3. The Spearman
rank order correlation coefficients for the sample including and
excluding upper limits are 0.35 and 0.60, respectively. These
statistical figures of merit confirm the absence of an evident
correlation in Figure 3. In fact, for a given jet power the
molecular gas reservoirs vary in mass by more than two orders
of magnitude. Furthermore, the large gas supply relative to AGN
power in most systems suggests that very little molecular gas is
currently reaching the black hole.

The large scatter and absence of a correlation may be related to
several factors. The most important factor may be the presence or
absence of star formation, which we discuss further below. The
high star formation rates in many of the objects in our sample
indicate that most of their molecular gas is being consumed by
star formation (Rafferty et al. 2006; O’Dea et al. 2008). Some
of the gas that is not consumed by star formation may be driven
away from the nucleus by AGNs (Sternberg & Soker 2009). In
addition, temporal variations in accretion rate related perhaps to
dynamical interactions with neighboring galaxies may also be
contributing to the scatter. Finally, because in most systems only
a small fraction of the molecular gas mass is required to fuel the
AGN, a real underlying correlation may be lost in the scatter.
Whatever the important factors may be, AGN power seems to be
largely decoupled from the total molecular gas supply in these
systems.

5.1. Accretion Efficiency per AGN Outburst

Another way to look at this problem is to evaluate the fraction
of the available molecular gas mass in the host galaxy that must
be consumed by the AGN in order to power it. We refer to
this as the accretion efficiency per AGN outburst. We define the
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for 28 objects against their black hole mass taken from Rafferty et al. (2006).

AGN outbursts. Rafferty et al. (2006), using the data presented
here, and Hardcastle et al. (2007), using powerful radio galaxies,
reached similar conclusions.

Falling gas temperatures and rising gas densities near the
(unresolved) Bondi radii, in addition to the possibility that the
black hole masses may be larger than their bulge luminosities
imply, would increase the number of objects lying within the
shaded region in Figure 2 (see Rafferty et al. 2006 for a thorough
discussion). However, this effect will be offset to a degree by
the overly optimistic assumption that η = 1. Mass lost to
winds blowing from the accretion disk and the need to shed
angular momentum from the accreting gas (e.g., Neilsen & Lee
2009; Proga 2009; Pizzolato & Soker 2010) are expected to
drive η well below unity (Allen et al. 2006; Merloni & Heinz
2008; Benson & Babul 2009; Li & Cao 2010). For example,
Allen et al. (2006) and Merloni & Heinz (2008) found that
only a few percent of the matter reaching the Bondi radius is
actually converted into jet power, which is consistent with η < 1.
Accretion at this level would be able to power low-luminosity
AGNs found in elliptical galaxies (Allen et al. 2006). However,
it strengthens our conclusion that Bondi accretion from the hot
atmosphere alone probably cannot fuel the most powerful AGNs
in clusters.

5. COLD ACCRETION

In Figure 3 we plot total molecular gas mass against jet
power for the objects with gas mass measurements available in
the literature. The molecular gas masses generally lie between
109 M! and 1011 M!. Only M87’s upper limit of less than
8 × 106M! (Tan et al. 2008) lies substantially below this
range. Gas masses were corrected to our adopted cosmology
when necessary; details of the gas mass analysis can be found
in the references given in the caption to Figure 3. The gas
masses needed to fuel the AGNs, Macc ∼ Ecav/0.1c2 =
106 M!–109 M!, lie well within the observed range seen in

Figure 3. Molecular gas masses from Edge (2001), Salome & Combes (2003,
2004), Salome & Combes (2008), and Tan et al. (2008) vs. jet power. Upper
limits are 3σ values.

Figure 3. Nevertheless, if these AGNs are powered primarily
by accretion of molecular gas, a correlation between the gas
supply and jet power would be expected. Spin models requiring
high accretion rates would also predict a correlation. Yet no
correlation is seen between molecular gas mass and jet power
within the range of jet power shown in Figure 3. The Spearman
rank order correlation coefficients for the sample including and
excluding upper limits are 0.35 and 0.60, respectively. These
statistical figures of merit confirm the absence of an evident
correlation in Figure 3. In fact, for a given jet power the
molecular gas reservoirs vary in mass by more than two orders
of magnitude. Furthermore, the large gas supply relative to AGN
power in most systems suggests that very little molecular gas is
currently reaching the black hole.

The large scatter and absence of a correlation may be related to
several factors. The most important factor may be the presence or
absence of star formation, which we discuss further below. The
high star formation rates in many of the objects in our sample
indicate that most of their molecular gas is being consumed by
star formation (Rafferty et al. 2006; O’Dea et al. 2008). Some
of the gas that is not consumed by star formation may be driven
away from the nucleus by AGNs (Sternberg & Soker 2009). In
addition, temporal variations in accretion rate related perhaps to
dynamical interactions with neighboring galaxies may also be
contributing to the scatter. Finally, because in most systems only
a small fraction of the molecular gas mass is required to fuel the
AGN, a real underlying correlation may be lost in the scatter.
Whatever the important factors may be, AGN power seems to be
largely decoupled from the total molecular gas supply in these
systems.

5.1. Accretion Efficiency per AGN Outburst

Another way to look at this problem is to evaluate the fraction
of the available molecular gas mass in the host galaxy that must
be consumed by the AGN in order to power it. We refer to
this as the accretion efficiency per AGN outburst. We define the

4



Krakow 2011: Understanding Relativistic Jets

Cluster heating
Shocks are out:

Fraction of time spent above Mach M

Mass fraction going through Mach > M shock:

ft(> M) ∼ M−2.5

3

18

fm(> M) ∼ M−9.5

3

Merloni & Heinz 2011
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How can a collimated bipolar jet heat a spherical cluster?

“Central” question:
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How can a collimated bipolar jet heat a spherical cluster?

?
e.g., Vernaleo & Reynolds, 2006

“Central” question:
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How much do Initial conditions in jet simulations matter?                

Clusters are anisotropic & dynamic

⇒ Start with a cosmologically evolved cluster

S
pringel et al. 2002

Non-spherical clusters

20
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Heinz et al. 2006, Morsony et al. 2010

Model setup

21



Krakow 2011: Understanding Relativistic Jets

Heinz et al. 2006, Morsony et al. 2010

Model setup

21



Krakow 2011: Understanding Relativistic Jets

Heinz et al. 2006, Morsony et al. 2010

Model setup
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The VLA view of Cygnus Ad
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The VLA view of Cygnus Ad
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Heinz, Brüggen, Young, & Levesque 2006

450 kpc

Milky Way
Simulated VLA movie of “Digital Cygnus A”:

Simulated in a realistic galaxy cluster (from cosmo. sim.)

1046 ergs s-1

160 Myrs

Resolution: 170 pc
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Heinz, Brüggen, Young, & Levesque 2006

r1 r2
r3

M(<r1)

Relative mass depletion in jet channel:

Jets vs. isotropy
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Multiple cavities ≠ intermittency

Dynamics in cluster 
core:

“Target” material 
mixed into jet path

New cavities 
generated after ~ 
free fall time

Cannot use 
multiple cavities to 
infer duty cycle!

Morsony, Heinz, Brueggen, & Ruszkowski 201025
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Cluster weather:  		 	      
AGN sphere of influence

Interaction with 
cluster weather

AGN impact limited 
to “sphere of 
influence”

Radius R ~ P1/3

AGN excavates 
deeper, rather than 
further
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“Sphere of influence”: 
Time after onset

Excavated zone 
reaches asymptotic 
terminal size

Morsony, Heinz, Brueggen, & Ruszkowski 2010
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“Sphere of influence”: 
Jet duration

1e45 ergs/s, on for

• 30 Myrs

• 50 Myrs

• Continuously

Excavated zone 
stationary, just 
deeper

Morsony, Heinz, Brueggen, & Ruszkowski 2010
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“Sphere of influence”: 
Jet power

Comparison:

• 1e44 ergs/s for 30 Myrs

• 1e45 ergs/s for 30 Myrs

• 1e46 ergs/s for 30 Myrs

Excavated radius:

R ~ P1/3

31

Morsony, Heinz, Brueggen, & Ruszkowski 2010



Krakow 2011: Understanding Relativistic Jets

Chandra legacy

Imaging

Cavities

Sound waves

Shocks

What are we missing? 

Photons

Spectral resolution
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Download: http://www.astro.wisc.edu/~heinzs/XIM

A simulation is useless in vacuum, 
needs connection to observations

1. Take a 3D simulation of thermal 
gas

2. Simulate the spectrum emitted 
by the gas

3. “Observe” it with an X-ray 
telescope

Interface: 
simulations/observations

33
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The Athena view of Cygnus A
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The Athena view of Cygnus A
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Cluster background 
turbulence:

inner: v1σ ~ 200 km/s

outer: v1σ ~ 300 km/s

Jets generate strong 
turbulence

Detectable with 
ASTRO-H, Athena

Jet-induced turbulence
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Cluster background 
turbulence:

inner: v1σ ~ 200 km/s

outer: v1σ ~ 300 km/s

Jets generate strong 
turbulence

Detectable with 
ASTRO-H, Athena
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Krakow 2011: Understanding Relativistic Jets

Summary

Cluster cavity observations reveal as much about the 
properties of jets as they do about clusters

Dynamical properties of clusters are important for radio source 
evolution

Multiple cavities ≠ intermittency

Sphere of influence of Jet on cluster limited by dynamics, with 
R ~ P1/3

High resolution X-ray spectroscopy has great potential for 
studying feedback
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